A spectacular spongiotic lesion, symmetrical in distribution and restricted to the pars reticulata of the substantia nigra (SNPR) has recently been described in hyperglycemic ra.s surviving 1-18 h after a brief period of transient ischemia. The purpose of this study was to clarify the pathogenesis of the lesion. In order to study whether the lesion was due to changes occurring during ischemia, local cerebral blood flow (l-CBF) and energy metabolites were measured in the substantia nigra (SN) and in other brain areas. Furthermore, brains were exam ined by light and electron microscopy immediately after ischemia and in the early recirculation period. Autoradio graphic CBF measurements showed ischemia flow levels in the SN of 30-40% of control, similar in normo-and hyperglycemic rats. Thus, although ischemic, this struc ture had a considerable amount of residual flow. There was also a corresponding partial preservation of the ade nylate energy charge. However, lactate levels were high, and in hyperglycemic subjects they rose to values pre viously described during status epilepticus (about 25 fJ-mol/g). In hyperglycemic animals, neuronal alterations were consistently present in SNPR by the end of the 10-
min period of ischemia. They included clumping of nu clear chromatin and subplasmalemmal clearing of the perikaryon. Some mitochondrial swelling was present in neuronal perikarya and in dendrites. The normal align ment of microtubules in the dendrites was disturbed, but there was no or only slight swelling of the dendrites. Ag gregation of synaptic vesicles was a conspicuous finding in axonal terminals, which were also slightly swollen. Otherwise, the axons appeared largely spared. Micro vessels looked quite intact. Similar cellular changes were observed in the early recovery period. Dendrites, how ever, started to swell, and their expansion finally caused the spongiotic appearance of the pars reticulata. The ap pearance of the dendritic lesions is strongly suggestive of transmitter-mediated ("excitotoxic") damage. However, it seems likely that the marked acidosis is injurious as well. We tentatively conclude that both mechanisms in teract to give the final lesion. The results, and those pre viously obtained in epileptic seizures, suggest that mito chondria of SN neurons and neuronal processes are par ticularly prone to damage. Key Words: Cerebral ischemia-Hyperglycemia-Substantia nigra.
monkeys, see Myers, 1979) . Light microscopical investigations on paraffin-embedded material re vealed, apart from alterations in selectively vulner able regions of the brain, a unique lesion of the sub stantia nigra (SN) (Smith et aI., 1987) . The cardinal feature of this injury was a sponginess of the tissue restricted to the pars reticulata (SNPR), usually bi lateral. Subsequent light and electron microscopic observations on epon-embedded material from rats studied 1-18 h after a period of 10 min of hypergly cemic ischemia showed that the sponginess was chiefly caused by swollen dendrites, which con tained altered mitochondrias and deranged micro-tubular lining (lnamura et aI., 1987) . Nerve cell changes were also disclosed; the center of the le sion contained pale neurons; in the periphery, dark neurons were present.
A similar reaction, developing into a pannecrosis of the SNPR, was seen in rats subjected to status epilepticus of more than 30-min duration (Nevander et aI., 1985; Auer et aI., 1986) . Subsequent determi nations of energy metabolites revealed a marked accumulation of lactic acid in the SN, indicating the possibility of lactic acidosis as an important patho genetic mechanism (Ingvar et aI., 1987) . Prelimi nary results revealed that the SN is indeed more acidic than other regions, but the data did not allow quantitation of the acidosis (Siesjo et aI., 1986) .
The purpose of the study presented here was to elucidate the pathogenesis of the damage to the SN observed following ischemia in hyperglycemic rats. The question arose whether the lesion developed during the ischemia, reflecting a reaction of SNPR cells to the incomplete ischemia incurred by mid brain structures in this model (see Smith et aI., 1984) , or if it results from postischemic excitation of SNPR cells, yielding a lesion akin to that ob served in status epilepticus. We have concentrated on the events taking place at the end of ischemia and in the early recovery period since the crucial mechanisms causing the lesion must then be in operation. Local cerebral blood flow (l-CBF) and energy metabolites were analyzed, and light and electron microscopy was applied.
MATERIALS AND METHODS
Animals. Male Wi star rats weighing 270-350 g were used (Mpllegaard Breeding Center, Denmark).
Experimental groups. The various experimental groups are presented in Ta ble 1. Energy metabolites and CBF were determined in two separate series of rats. Morpho logic observations by light microscopy were carried out in two other series of rats fixed either by perfusion with formalin for paraffin embedding or by glutaraldehyde for epon embedding. The glutaraldehyde-fixed material was also used for electron microscopy.
Operative procedure. The rats were fasted overnight the day before the experiment but had free access to drinking water. The experimental model used, which has been described in detail elsewhere (Smith et al., 1984) , is based on the principles presented by Nordstrom and Siesjo (1978) . In brief, the animals were anesthetized with 3.5% halothane in a mixture of oxygen (30%) and nitrous oxide (70%), tracheostomized, attached to a ven tilator, and paralyzed by suxamethonium chloride (Celo curin, Vitrum AB, Sweden) given via the jugular vein. The halothane concentration was then lowered to 0.7%. Both carotids were exposed and loosely encircled by threads. A flexible silicon catheter was inserted into the vena cava through the right jugular vein. One femoral ar tery and one femoral vein were cannulated to monitor physiological values and to administer various drugs. Electroencephalogram (EEG) electrode needles were fas tened to the skull, and a rectal thermometer was inserted.
Halothane supply was then discontinued, and the an imals were kept immobilized by intermittent administra tion of suxamethonium chloride. Blood gases, pH, and plasma glucose values were measured after a stabilization period of at least 20 min. When we had confirmed that the measured values of blood gases, pH, and glucose were within the physiological range, hyperglycemia was induced by continuous infusion of 25% glucose for 30-40 min. The speed of infusion was adjusted to keep the plasma glucose value at 20-25 fLmollml. Plasma glucose was measured by a Beckman Glucose Analyser 2 (Beckman Instruments Inc., Fullerton, CA, U. S. A. ). Normoglycemic animals did not receive any glucose infu sion. Induction of ischemia. Cerebral ischemia was induced by bilateral carotid artery clamping in combination with lowering of blood pressure. At first, the blood pressure was abruptly lowered to 50 mm Hg by infusion of tri methaphan camphor sulphonate (Arfonad, Roche, Basel, Switzerland) and, at the same time, both carotids were clamped. The blood pressure was maintained at 50 mm Hg by subsequent withdrawal and infusion of blood.
Cerebral ischemia was considered to have started when isoelectricity was reached. This condition was con tinued for 5 or 10 min (Table I ). The animals were either studied during ischemia or were recovered. Recovery was induced by removal of the carotid clamps and reinfu sion of blood. Sodium bicarbonate was given to coun teract systemic acidosis, and physiological values were checked at 15 min in recirculated rats.
Local cerebral blood flow. The local cerebral blood flow was measured by the autoradiographic method de veloped by Sakurada et al. (1978) . The actual method fol lowed the protocol described by Kagstrom et al. (1983a Kagstrom et al. ( , 1983b . In brief, the animals were anesthetized and pre pared in the same way as described above. Radiolabeled 14C-iodoantipyrine was infused at constant rate over 60 s. During that time, arterial blood samples were collected every 7 s. The rats were decapitated simultaneously with the last blood sample, and the brains were quickly re moved and frozen in isopentane precooled to -50 to -70°C. The brains were then processed for quantitative autoradiography. Densitometry was performed on a com puter-assisted image analyser, IBAS (Kontron Bildana lyse GMBH, Munich, FRG). The 14C activity in the blood samples was measured in a liquid scintillation counter (Beckman LS2800). The calculations were performed ac cording to Sakurada et al. (1978) .
Measurements of energy metabolites. We used in situ freezing with the method described by Ponten et al. (1973) for determination of tissue energy metabolites. In brief, a skin incision was made over the skull, and a plastic funnel was attached. At a predetermined time, liquid nitrogen was poured into this funnel for about 10 min. Then the brains were taken out during continuous irrigation with liquid nitrogen, stored in a deep freezer, and later dissected in a glove box maintained at -18°C. The cortex, SN, and central (periaqueductal) gray matter were sampled (Ingvar et al. , 1987) . Labile metabolites were determined by the enzymatic fluorometric tech niques described in detail elsewhere (Folbergrova et al. 1972 (Folbergrova et al. , 1981 .
Morphological methods. Formalin fixation was used for paraffin embedding. The solution consisted of 4% phosphate-buffered formaldehyde at pH 7. 35. Glutaral dehyde was used for high-resolution light microscopy and for electron microscopy following epon embedding. The solution contained 3% phosphate-buffered glutaralde hyde at pH 7. 35.
Vascular perfusion was performed at predefined in tervals ( Table 1 ). The chest was opened, and the tip of the catheter was introduced into the aorta through an incision at the apex. The catheter was fastened and the auricle was cut to allow outflow of the perfusate. The brain was first perfused with a warm saline solution to wash out the blood from the vessels followed by the fixative. The for maline-fixed brains were left in situ for I day and then removed from the skull and stored in fixative. The glutar aldehyde-fixed brains were removed from the skull within 2 h and kept in the same fixative.
Formalin-fixed brains were cut in blocks and dehy drated in a graded series of ethanol, cleared in xylol, and embedded in paraffin. Subserial sections were cut at 8 fL. The sections were stained with celestine blue and acid fuchsin (Auer et al. , 1984) . Glutaraldehyde-fixed brains were dissected, and the SN region was cut in approxi mately I-mm-thick blocks. The blocks were subsequently postfixed in I % osmium tetroxide and dehydrated in a graded ethanol series. The blocks were embedded in Epon 812, and semithin sections were cut and stained with toluidine blue for light microscopy. Following prepa ration, thin sections were contrasted with uranyl acetate and lead citrate. They were then viewed in a Philips EM201 electron microscope. Values are means ± SEM. There were six to 10 animals in each group.
RESULTS

Physiological variables
All physiological variables except glucose were kept within the physiological range (Table 2) . Hy perglycemic animals maintained plasma glucose be tween 20 and 25 f.1mol/ml before induction of isch emia.
Regional blood flow during hyperglycemic ischemia
In confirmation of previous measurements (Kagstrom et aI., 1983b; Smith et aI., 1984) we found that forebrain structures showed a decrease in blood flow values during ischemia below 5% of control (Table 3 ). In the majority of structures, flow rates did not differ between normo-and hypergly cemic animals. In many subcortical structures, in cluding the SN, flow rates were more variable and different on the two sides. In the thalamus, flow could vary within the nucleus, and there were also side-to-side differences. Such differences were also seen in the SN, possibly explaining the occasional occurrence of a unilateral lesion. The important point to note is that in both SN and in central gray matter, I-CBF was reduced to 30-40% of control. In these structures, therefore, I-CBF was consis tently higher than in the neocortex and the hippo-campus, but consistently lower than in the red nu cleus and the cerebellum.
Energy metabolites during ischemia
There were no significant differences between normoglycemic and hyperglycemic control animals in any of the metabolites except glucose (Table 4) . Therefore, the values were pooled. Glucose con centrations in cortex, central gray, and SN were, for the normoglycemic animals, 2.76, 2.90, and 2.94 f.1mol/g, respectively, and for the hyperglycemic an imals, 6.37, 6.26, and 5.58 f.1mol/g, respectively.
In normo-and hyperglycemic animals subjected to 10 min of ischemia, neocortical metabolite con centrations were as expected (Hillered et aI., 1985) . Thus, PCr and ATP concentrations were close to 0, with corresponding rises in ADP and AMP, and lac tate contents were raised to about 15 f.1mol/g in the normoglycemic group and about 25 f.1mol/g in the hyperglycemic group.
In normoglycemic animals, both central gray and SN had a clear perturbation of the cerebral energy state, albeit less pronounced than in cerebral cortex. However, lactate concentrations rose by similar amounts. In hyperglycemic animals, there was an equal or even less pronounced reduction in cellular energy state. However, the lactic acidosis was very pronounced and, for unknown reasons, it was more pronounced in SN than in the central gray. Thus, although the two-vessel occlusion model did not induce severe ischemia in SN, it did lead to severe local lactic acidosis.
Morphologic findings during ischemia
At the end of the lO-min period of ischemia, all hyperglycemic rats showed morphological changes in SNPR that were not observed in the control an imals. The most striking alteration consisted of a clumping of the chromatin in the nucleus of vir tually all neurons and glial cells. This abnormality was also present in animals studied after 5 min of ischemia, although it was less pronounced than after 10 min of ischemia.
In the neuronal cell somata, there was a clearing of the cellular periphery that could be identified by light microscopy in epon-embedded material as well as by electron microscopy. This clearing was FIG. 1. Nerve cell body from the SNPR of a rat with hyper glycemic ischemia for 10 min killed and fixed by perfusion at the end of the ischemia. Note moderate clumping of chro matin. The cytoplasm has a somewhat swollen appearance with subplasmalemmal clearing and there is some swelling of mitochondrias (arrowheads) (x 8,300).
caused by a reduction of cytosolic material and cy to skeletal components in the subplasmalemmal re gion ( Figs. 1 and 2) . Glial cells showed slight cyto plasmic swelling. A peripheral clearing was also present in synaptic terminals where synaptic ves icles aggregated close to the synaptic plate (Fig.  3A) . Such altered synaptic endings were abundant. Axonal terminants were often somewhat swollen, while axons were relatively spared.
Although the dendrites were generally of normal size and configuration, they occasionally contained swollen mitochondrias and a disturbed microtu bular arrangement. The blood vessels looked per fectly normal.
Normoglycemic rats with 10 min of ischemia showed similar alterations, albeit less pronounced. Thus, some clumping of the nucleus was seen, as was a peripheral clearing of cell bodies and alter ations in synaptic terminals. There were no evident alterations of dendrites or axons.
Light microscopy of paraffin-embedded material, especially from hyperglycemic rats, showed exten sive nuclear clumping in other parts of the brain in cluding hippocampus, striatum, thalamus, and neo cortex. In the neocortex and hippocampus, a few shrunken, dark neurons were present but they were extremely rare.
Morphological findings in the early recovery period
Signs of status spongiosus in the SN were lacking at the end of ischemia but, in hyperglycemic rats, micro vacuolization of the tissue started to appear as early as 15 min after ischemia. We have shown in a previous article that, after I h of recovery, this sponginess was chiefly caused by swelling of den drites and, to a lesser degree, by glial swelling (Ina mura et aI., 1987). The selective nature of the den dritic swelling was more clearly demonstrated in the early as compared with the late recovery pe riods. Such dendrites contained severely swollen mitochondrias with fractures of cristae (Figs. 3B and 3C and 4), deranged microtubuli, and, occa sionally, swollen endoplasmic reticulum.
The swelling of axonal terminals persisted during recirculation but appeared to be somewhat less pro nounced as compared with changes observed at the end of the ischemia. A few axons contained swollen mitochondrias but most of them looked normal. We also had the impression that the number of vesicles in many synapses was reduced. B: Severe dendritic damage is shown in this sample from a rat recirculated for 15 min. There are swollen mitochondrias (M), disrupted membrane (arrowhead), and disturbed microtubule distribution. The synaptic terminals (arrows) show the same changes as seen in Fig. 3A . Note also a swollen astrocytic pro cess (A) (x 16,500). C: Severe damage to a dendrite is shown in a rat recirculated for 30 min. The dendrite contains severely swollen mitochondrias (M). The axons (AX) look relatively pre served as do their mitochondrias. Note that the density of ves icles in the synapses is lower than in Fig. 3A (x 12,400 ).
Dark neurons (Fig. 4) started to appear in rats recirculated for 5 min but they were few in number. Rats taken from longer recirculation periods (15-30 min) had increased numbers of such dark neurons. In these rats, the dark neurons were mainly present in the periphery of the lesion (Inamura et aI., 1987) . They were usually surrounded by swollen astro cytic processes. Pale neurons (Fig. 5 ) tended to be located in the center of the spongy lesion. Ultra structural features of dark and pale neurons have been described elsewhere (Inamura et aI. , 1987) .
In the early recovery period, another prominent feature was the increase in the number of swollen astrocytic processes, some of which contained swollen mitochondrias. This glial alteration was present by 5 min of recirculation in hyperglycemic animals. The blood vessels were also normal in the recovery period.
DISCUSSION
The present results confirm recent findings showing that ischemia induced in hyperglycemic rats leads to uni-or bilateral lesions in the SNPR (Smith et aI., 1987) and that a dominant feature in the spongiotic SNPR lesion is swelling of dendrites and their mitochondria (Inamura et aI., 1987) . The results presented in this article showed that den dritic pathology was observed as early as 15 min after the start of recirculation. This led us to ques-FIG. 4. This electron micrograph is taken from the SNPR from a rat with 10-min hyperglycemic ischemia and 15-min recirculation. Note the presence of two dark neurons with severe vacuolization of the cytoplasm caused by mitochon drial swelling and the widespread presence of clear pro cesses, the majority of which represent swollen dendrites.
Most axons look normal (x 3,700).
tion the working hypothesis that the SNPR pa thology was due to postischemic epileptic activity, causing hyperexcitation of SNPR neurons and epi leptic damage (N evander et aI., 1985; Auer et aI., 1986) . Accordingly, we raised the question of whether the SNPR was damaged by the ischemic insult per se. We performed three types of studies to test this possibility. First, in order to determine the density of ischemia in hyper-and normogly cemic subjects, we measured CBF during ischemia, using autoradiographic techniques. Second, we as sessed labile metabolites, including AT P and lac tate, to find out whether the reduction in CBF found was sufficient to perturb cellular energy state in the SNPR. Third, we closely examined histo pathological changes that appeared during ischemia and in the immediate recirculation period.
Circulatory, metabolic, and histopathological changes during ischemia
The present results on I-CBF changes during ischemia essentially confirm previous studies in which the same ischemic model was used (Kagstrom et aI., 1983a (Kagstrom et aI., , 1983b Smith et aI., 1984) . SNPR and neighboring structures like the central gray matter (C GM) typically suffer partial isch- emia, with l-CBF values in the range of 30-40% of control. These values are clearly higher than those measured in neocortex, hippocampus, and caudo putamen «5% of control) but lower than those of some structures that are relatively unaffected by ischemia (e.g., red nucleus and cerebellum) and that do not show morphological damage. In this context, the important finding was that hypergly cemia did not aggravate the hypoperfusion in SNPR.
Changes in labile metabolites in the neocortex were similar to those previously obtained with this model of ischemia (e.g., Nordstrom and Siesjo, 1978; Hillered et aI., 1985) . Thus, there were marked decreases in PCr and ATP concentrations, with corresponding increases in ADP and AMP and increases in lactate concentrations that were marked in normoglycemic and excessive in hyper glycemic animals. Control values for SNPR were very similar to those measured in the neocortex (Ingvar et aI., 1987) . During ischemia, values for PCr and ATP were clearly higher, and those for AMP clearly lower, than in the neocortex, but the lactate concentration rose to similar levels. In hy perglycemic animals, PCr, ATP, ADP, and AMP values were similar, but the lactate content had risen to very high values, similar to those attained in the neocortex. It is noteworthy that such very pronounced lactic acidosis was observed although tissue ATP content exceeded 1 f.Lmollg in seven out of eight animals, and 2 f.Lmollg in three of eight an imals. Clearly, in the SN, even a moderate pertur bation of cerebral energy state stimulates anaerobic glycolysis and, if glucose supply is enhanced by hy perglycemia, it leads to massive lactic acidosis.
The results raise the question of whether the SN is particularly prone to suffer excessive acidosis when cellular energy state is perturbed. In Fig. 6 , we have compared metabolite concentrations in those four hyperglycemic animals in which both SN and COM were analysed. As can be observed, the phosphorylation state was somewhat less perturbed in COM than in the SN, but the difference in lactate content was clearly more marked. These results suggest, but certainly do not prove, that the SN seems particularly prone to a perturbation of the cellular energy state.
The nerve cell changes seen during the ischemia J Cereb Blood Flow Metab, Vol. 8, No.3. 1988 in hyperglycemic animals were characterized by marked clumping of the nuclear chromatin, mainly in neurons, and a clearing of the peripheral portion of the cytoplasm of the cell body. Furthermore, many axonal terminal profiles showed clustering of synaptic vesicles to the presynaptic membrane and a clearing of the subplasmalemmal portion of the terminus.
Clumping of the nuclear chromatin, probably re flecting denaturation of nucleic acids, has pre viously been attributed to intracellular acidosis (e.g., Kalimo et aI., 1981) . This conclusion is sup ported by the fact that chromatin clumping is not a conspicuous feature in hypoglycemia, a condition that leads to energy failure and calcium influx but not to acidosis (Agardh et aI., 1980; Kalimo et aI., 1980) . The pathogenesis of the peripheral clearing of the cytoplasm in neurons and glial cells is un clear, but it can be suspected that one mechanism is a pathological influence on the cytoskeletal ele ments, particularly their attachment to the plasma membrane, by the influx of calcium ions (Lynch and Baudry, 1984; Schlaepfer, 1987) . Thus, depo larization leads to an accumulation of calcium near the inner surface of the plasma membrane (Hillman and Liinas, 1974) . In vitro, synaptic vesicle aggre gation occurs by elevated calcium in the presence of calmodulin (DeLorenzo, 1980) . It seems likely, therefore, that the subplasmalemmal clearing of the axon and synaptic vesicle aggregation is also due to calcium accumulation. However, since ischemia is also accompanied by influx of Na+, CI-, and water into cells (Nicholson, 1979; Hansen, 1985) , part of the subplasmalemmal clearing could reflect accu mulation of edematous fluid. Similar clearing of the cytoplasm close to the plasma membrane has pre viously been seen in nerve cells exposed to hypo glycemia (Kalimo et aI., 1980) , another condition with cellular influx of calcium (Harris et aI., 1984) and, probably, of Na + and CI-as well (Siesj6 and Deshpande, 1987) .
In summary, the results suggest that the en hanced lactic acidosis in SNPR during ischemia, in duced by the ischemia, is directly responsible for alterations of nuclear chromatin. We speculate that it may be indirectly responsible for influx of Ca2+ , Na +, CI-, and osmotically obliged water, perhaps by causing membrane depolarization.
Progression of morphological changes during recirculation
Although there was some alteration in dendritic intracellular organelles during ischemia, the damage to dendrites was markedly enhanced on re circulation, indicating that mechanisms operating in that period have a major impact on the final damage. Although every element in SNPR seemed to be affected to some extent, the main damage was swelling of dendrites, which also contained mark edly swollen mitochondrias. Evidently, the den dritic swelling was responsible for the status spon giosis observed in the light microscope. It is note worthy that little, if any, swelling of astrocytes occurred during the ischemia, the pathological damage being essentially confined to moderate chromatin clumping and some subplasmalemmal clearing. In the early recirculation period, most prominently during the first 15 min, there appeared some swelling of astrocytic foot processes. How ever, massive glial swelling was not observed.
A conspicuous feature of these alterations, no tably the dendritic swelling, was that they appeared early, being observed after 10-15 min of recircula tion. This makes it less likely that they were the results of postischemic seizure activity. Thus, if seizures are induced in nonischemic animals, a spongiotic lesion of SNPR is not observed until after 30-45 min of seizure activity (N evander et aI., 1985 (N evander et aI., , Auer et aI., 1986 . This makes it likely that the lesions observed in SNPR in this study were mainly due to the metabolic alterations occurring during the ischemia, notably the lactic acidosis. However, since the amount of lactate accumulated in the neocortex was similar, acidosis per se does not suffice as an explanation.
Lactate accumulation and SNPR necrosis
Lactic acidosis, especially when excessive, is supposed to be one of the main factors causing damage to neuronal structures (Myers, 1979; Siesj6, 1981; Plum, 1983) . Marked lactic acidosis seems to predispose to infarction of the tissue, pre ceded by gross swelling of tissue elements, particu larly astrocytes. In the present model, lactate levels attained in both neocortex and SN well exceeded the values proposed for induction of tissue infarc tion.
In the SN, there was only a short delay before pathology appeared. It is tempting to conclude that the acidosis caused or contributed to the necrotic lesion. Two findings are noteworthy, though. First, in a similar lesion induced by sustained seizure ac tivity (N evander et aI., 1985) , the water content of the tissue did not increase (Auer et aI., 1986) . Second, in the present study (and in that devoted to seizures, see Auer et aI., 1986 ) astrocytic swelling was not a conspicuous feature; rather, the lesion was dominated by dendritic swelling and effects on dendritic structure. It would seem, therefore, that rather than causing a destructive edematose lesion with extensive swelling of dendrites, the acidosis enhances a process that leads to dendritic pa thology.
The type of dendritic pathology observed in SNPR in the present study is compatible with cell damage caused by release of excitatory amino acids (Olney, 1978; Olney et ai., 1983; Rothman and Olney, 1986) . Excitatory pathology, usually attrib uted to glutamate, may be caused by influx of cal cium, particularly through the NMDA receptor operated calcium channel (C hoi, 1985 Rothman and Olney, 1986; Siesj6, 1988) . However, although it is tempting to assume that the dendrite damage observed in the present hyperglycemic an imals is of the excitotoxic type, the assumption is speculative since nothing is known about excito toxic substances released in this structure. In fact, the density of glutamate receptors in the SNPR is low (Ottersen and Storm-Mathisen, 1984) , while there seems to be an abundance of substance P containing fibers (Brownstein, et aI., 1976 (Brownstein, et aI., , 1977 .
In summary, therefore, we conclude that the le sions affecting the SNPR are related to the en hanced lactic acidosis, probably reflecting an un usual vulnerability of SNPR cells to partial isch emia. However, the early appearance of dendritic pathology during recirculation also points to the in volvement of one or several excitotoxic substances in the pathogenesis of the spongiotic lesions ob served.
